Four new Cp*Ti compounds with ortho-substituted phenoxy ligands for the syndio-specific polymerization of styrene were prepared by the reaction of various kinds of ortho-substituted phenol with Cp*TiCl 3 in the presence of triethylamine. Their catalytic properties for syndiospecific polymerization of styrene were investigated at different Al MAO /Ti ratio, different Al TIBA /Ti ratio and different polymerization temperature. All four compounds in the presence of cocatalyst methylaluminoxane (MAO) and triisobutylaluminum (TIBA) showed good performance at lower concentrations of titanium, MAO, and TIBA. Especially, ( Cp*Ti(OPhMe) 3 )/MAO system afforded syndiotactic polystyrene (sPS) with the highest activity and high molecular weight.
Introduction
Syndiotactic polystyrene is a new polymeric material of industrial relevance [1, 2] . Since the first preparation of sPS by Ishihara et al. [3] , the use of titanium/MAO catalyst system has spurred an active search for new types of sPS catalysts. Of the compounds identified as effective catalyst precursors for the synthesis of sPS, the most active are based upon pentamethylcyclopentadienyl titanium (Cp*Ti) complexes activated with methylaluminoxane (MAO) [4] [5] [6] . For monotitanocene catalysts, steric and electronic effects of ligands play important roles in determining the catalytic activity and the molecular weight of sPS [7] [8] [9] [10] [11] . So the research of para substitution (methoxy) of phenoxy ligands has been carried out for sPS polymerization reactions [12] , but the syndiospecific polymerization of styrene of Cp*Ti compounds with orthosubstituted phenoxy ligands have little been investigated.
Herein we report the synthesis, characterization and styrene polymerization study of four novel monotitanocene complex of η5-pentamethylcyclopentadienyltri-2-group(X)-substituted phenoxy titanium (Cp*Ti(OPhX) 3 ) (X = F, Cl, Me and OMe). The investigation of the influence of catalysts with different ligands and different polymerization conditions on the activity and the molecular weight of polymerization products were also reported.
Results and discussion
From the ligand steric and electronic points of view, we introduced four kinds of ligands to the Cp* in the viewpoint of molecular design in this work. The four monotitanocene complexes containing different ancillary ligands, i.e. 2-chlorophenoxide, 2-fluorophenoxide, 2-methylphenoxide and 2-methoxyphenoxide, were prepared, and their catalytic properties for syndiospecific polymerization of styrene were examined by comparing the yields, the activity, syndiotacticities and molecular weight of the polystyrene synthesized at different Al MAO /Ti ratio, different Al TIBA /Ti ratio and different polymerization temperature (Tp).
The effect of the molar ratio of MAO to Ti on the catalytic activity in the case of (Cp*Ti(OPhX) 3 )/MAO (X=F, Cl, Me and OMe) catalyst systems with the presence of TIBA were investigated in conditions of Al TIBA /Ti = 100 mol/mol, and 70 °C of Tp, given in Fig 1. At lowest Al MAO /Ti ratio, (Cp*Ti(OPhX) 3 )/MAO (X=Cl and OMe) catalyst systems yielded very little sPS, while (Cp*Ti(OPhX) 3 ) (X= F and Me) gave a relatively higher activity. The activity increased with an increasing molar ratio MAO to Ti. It has been reported that MAO acts as a reducing agent for the oxidation state of Ti(Ⅳ) to Ti(III) species and that Ti(III) active species catalyze the syndiospecific polymerization of styrene with a high catalytic activity [13] [14] [15] .
It was showed that ortho substitution of phenoxy ligands increases polymerization activity (A) in the order Cp*Ti(OPhOMe) 3 < Cp*Ti(OPhCl) 3 < Cp*Ti(OPhF) 3 < Cp*Ti(OPhMe) 3 , which was attributable to the steric bulkiness and electronic effect of phenoxy substituents. As we know, the electron-withdrawing nature of ortho substitution of phenoxy ligands increases in the order F＞Cl＞OCH 3 ＞CH 3 , which was not all in accord with the effect of ortho substitution of phenoxy ligands on polymerization activity. Thus, the steric effect of the backbone framework also influenced sPS polymerization activity. TIBA was found to be the scavenger of impurities in styrene and to increase the catalytic activity for sPS. Figure 2 showed a comparison of the activity for (Cp*Ti(OPhX) 3 ) (X=F, Cl, Me and OMe) with the addition of TIBA in conditions of Al MAO /Ti = 300 mol/mol, and 70°C of Tp. With the absence of TIBA, styrene polymerization for the (Cp*Ti(OPhX) 3 ) (X= F, Cl and OMe) complex produced only trace sPS or no sPS, while high activity was obtained for Cp*Ti(OPhMe) 3 with the conversion high up to 82%. The external addition of TIBA to all four catalyst systems caused an increase of catalytic activity, compared with those systems without TIBA, and the trend of increasing activity with TIBA content was observed and the catalytic activity was increased to the max with Al TIBA /Ti molar ratio up to 100 for all four systems. To probe the nature of the polymerization reaction, the polymerizations at various temperatures were carried out. (Cp*Ti(OPhX) 3 ) (X=F, Cl, Me and OMe) complexes can catalyze syndiotactic polymerization of styrene actived with MAO in conditions of Al MAO /Ti = 300 mol/mol, and Al TIBA /Ti = 100 mol/mol over a wide range of polymerization temperature (Tp). As shown in Figure 3 , the reaction temperature strongly affected the catalytic activities. With an increase in Tp, the catalytic activity increased obviously and the optimum activity were observed at 70°C for all systems. (Cp*Ti(OPhMe) 3 )/MAO system for sPS kept relatively high activity from 30°C to 110°C indicating that the precatalysts Cp*Ti(OPhMe) 3 have high thermal stability.
Based on the higher efficiency of the Cp*Ti(OPhMe) 3 catalyst, the influence of polymerization temperature has been investigated on the polymerization behavior of styrene as well as on the molecular weight (M w ) of the polystyrenes. The polymerization data, summarized in Table  1 , revealed that (Cp*Ti(OPhMe) 3 )/MAO system was fairly good catalysts in producing sPS in terms of activity, conversion, and syndiotacticity even though the polymerization time was fixed to 30 min. The catalyst system afford polystyrenes with high conversion of greater than 76.3% and high stereospecificity of greater than 87.3% over the entire Tp range studied. Lowering Tp from 90°C to 30°C resulted in two times increases of M w value and in broader molecular weight distribution (M w /M n ) to 7.6 for (Cp*Ti(OPhMe) 3 )/MAO system. It was showed a precipitous lowering of M w value and narrowing M w /M n with the increase of Tp, indicating that the consequent elevation of temperature enhanced the rate of β-hydride elimination as the chain-transferring reaction. The polymerization activity and molecular weight for sPS are sensitive to catalysts with different ancillary ligands. In order to assess the effect of different ancillary ligands, we also carried out the control polymerization experiment of (Cp*Ti(OPhX) 3 )/MAO (X=F, Cl, Me and OMe) system in the same polymerization condition. The polymerization results are summarized in Table 2 in terms of the activity of the catalyst, yield, syndiotacticity, T m , M w and M w /M n . At the molar ratios of MAO:TIBA:Ti=300:100:1, sPS made by [Cp*Ti(OPhCl) 3 ]/MAO system showed M w in the range of 332,000 with M w /M n 2.5, whereas (Cp*Ti(OPhX) 3 )/MAO (X= F, Me and OMe) systems afforded polystyrenes whose M w fell in the range of 132,000-149,000 with M w /M n 4.7-6.3. These results also suggested that the electronic and steric factors of both ortho-substituted phenoxy and cyclopentadienyl groups played a role in these catalysis.
Tab. 1. Polymerization of styrene with
To account for the reason of the broad molecular weight distribution, the details of the effects of TIBA were evaluated. The experimental data showed that the pentamethylcyclopentadienyl titanium complexes (Cp*Ti(OPhX) 3 )/MAO (X= F, Cl, Me and OMe) system had good performance for styrene sydiotactic polymerization at lower concentrations of titanium, MAO, and TIBA. They had highly active and afforded polystyrenes with high stereospecificities of greater than 92% and T m s values of 262.4-269.2 °C over the entire catalytic systems studied (See Table 2 ). The values of M w and M w /M n of sPS were mainly affected by polymerization temperature and TIBA content. Ortho substitution of phenoxy ligands increases polymerization activity (A) in the order Cp*Ti(OPhOMe) 3 < Cp*Ti(OPhCl) 3 < Cp*Ti(OPhF) 3 < Cp*Ti(OPhMe) 3 , which was attributable to the steric bulkiness and electronic effect of phenoxy substituents.
Experimental part

Materials
Styrene was purified by distillation under reduced pressure over CaH 2 and was finally stored in a nitrogen atmosphere. Toluene, and chlorobenzene were re-fluxed over metallic sodium for 24 h and distilled in a nitrogen atmosphere before use. Methylaluminoxane (MAO) was prepared as described in the literature [16] .
Syntheses and characterization of four new complexes
According to the literature [17] η5-pentamethylcyclopentadienyltri-2-methoxyphenoxy titanium (Cp*Ti(OPhOMe) 3 ) was prepared by the reaction of η5-pentamethylcyclopentadienyl trichloride titanium (Cp*TiCl 3 ) with 2-methoxyphenol in the presence of an absorbent of HCl such as N(Et) 3 , and stored in a glove box under extra-puregrade nitrogen. Other complexes were synthesized in identical ways. After recrystallization purification, the four monotitanocene complexes were characterized by element analysis and 
Polymerization of Styrene
Polymerization runs were carried out under an extra-pure-grade nitrogen atmosphere in 100-mL glass flasks equipped with a magnetic stirrer. The MAO, solvent, or styrene, TIBA (needed) and (Cp*Ti(OPhX) 3 mol/L were introduced in that order into the reactor. The temperature was kept constant during 0.5 h of polymerization time and the polymerization was terminated by the addition of 10 wt % HCl in ethanol. The polymers were washed with ethanol and dried in vacuum at 80 °C to a constant weight. The syndiotactic index (SI) of polystyrene was determined as the weight percentage of the insoluble fraction after the obtained polymer was extracted for 10 h with boiling butanone.
Characterization
Elemental analyses were performed on a Vario EL microanalyzer. NMR spectra were carried out on an Inova instrument (300 Hz) at room temperature in a CDCl 3 solution with tetramethylsilane as an internal standard. Gel-permeation chromatography (GPC) of the polymers were conducted on a Waters Alliance GPC 2000 using standard PS as the reference and 1,2,4-trichlorobenzene as the eluent at 135 °C. The molecular weights were determined by a universal calibration technique. The melting temperature was determined with a Perkin-Elmer DSC-7 system at 10 °C/min.
Conclusions
This article has described the synthesis of four new Cp*Ti compounds with orthosubstituted phenoxy ligands for syndiospecific styrene polymerization, and their catalytic properties when activated by MAO were compared. The polymerization activity of the catalysts increased in the order Cp*Ti(OPhOMe) 3 < Cp*Ti(OPhCl) 3 < Cp*Ti(OPhF) 3 < Cp*Ti(OPhMe) 3 , which were attributable to the steric bulkiness and electronic effect of phenoxy substituents. Cp*Ti(OPhMe) 3 exhibited the highest activity and produced a high molecular weight of sPS.
